Quantitative trait loci (QTLs) analyses for internal egg quality of chickens were performed with 143 microsatellite markers on 27 linkage groups in 371 F 2 hens obtained from an intercross between Japanese Large Game (Oh-Shamo) and White Leghorn breeds. Internal egg traits, such as weight and size of the albumen, weight and size of the yolk, and yolk colors, were measured in three different egg laying stages (early, middle, and late stages). We detected 11 significant and four suggestive QTLs with main effects on 27 internal egg traits in the three stages. Albumen weight and size QTLs were identified on chromosomes 1, 2, 4, 5, 6, 8, 9, 27, and Z. Yolk weight and size QTLs were discovered on chromosomes 4, 7, 8, 15, and Z, whereas yolk color QTLs were detected on chromosomes 1, 3, 4, 8, 9, and 27. Moreover, we revealed four significant and two suggestive QTLs with epistatic interaction effects on three internal egg traits in the late stage. This is the first report of epistatic QTLs for internal egg traits in chickens. The four significant loci were on chromosomes 1, 2, 8, and 17 and affected yolk size and yolk color, whereas the two suggestive loci were located on chromosomes 2 and 10 and affected albumen height. Among these epistatic QTLs, the two QTLs detected on chromosomes 1 and 8 were found at the regions of main-effect QTLs. The present main and epistatic QTLs accounted for 3.61-18.46% of the phenotypic variances. The chromosomes 1 and 8 QTLs with main effects on internal egg traits exerted their effects throughout all three stages, whereas the other QTLs with main-or epistatic-effects were detected in one or two stages. These results demonstrated that age-related changes of QTLs will make the genetic features of quantitative traits more complex.
Introduction
Livestock production and quality traits are economically important considerations controlled by multiple quantitative trait loci (QTLs) and influenced by many environmental factors (Mackay et al., 2009) . It is important to map QTLs for these traits because accumulation of such positional information will be useful to understand the complex genetic basis of quantitative traits for performing selective breeding programs. In chickens, over 3,900 QTLs have been found for many traits (Abasht et al., 2006; Hu et al., 2012) .
Internal egg traits can be defined as albumen weight, albumen size, yolk weight, yolk size, and so on (Roberts, 2004) . Because of their importance in the egg industry, genetic influences for internal egg traits have been studied by mating experiments and then heritability estimates were reported as 0.29-0.51 for albumen height, 0.41-0.59 for albumen weight, and 0.22-0.45 for yolk weight (Hartmann et al., 2000 (Hartmann et al., , 2003 Ledur et al., 2002; Zhang et al., 2005) . These results imply that internal egg traits are heritable traits. However, little is known about the genetic basis of internal egg traits. Until now, few QTLs affecting internal egg quality traits have been reported (e.g., Tuiskula-Haavisto et al., 2002; Wardecka et al., 2003; Hansen et al., 2005; Schreiweis et al., 2006; Abasht et al., 2009) . Moreover, all of these loci have been reported as exerting only main effects on the traits. Carlborg et al. (2006) reported evidence showing that a genetic network of four interacting loci explains approximately half of the phenotypic difference on body weight in chickens. Since epistasis has a substantial effect on phenotypic variance, it is important to take QTL analyses into account for epistatic interaction effects. In addition to the epistasis, revealing age-related changes in QTL effects will be also important to understand genetic architecture of internal egg traits (Leips et al., 2006; Ishikawa et al., 2005; Podisi et al., 2013) because there is evidence that albumen height varies at different stages of egg production (Ledur et al., 2002) . Accordingly, we should consider age-related expression of QTLs during QTL analysis. Insights from agerelated changes of genetic bases affecting egg quality traits will make breeding programs more predictable and efficient for the layer industry.
In the present study, we used an F 2 chicken population created from intercrosses of the Oh-Shamo (Japanese Large Game, a Japanese indigenous breed) (Tsudzuki, 2003) and White Leghorn. Because of the large genetic difference between parental breeds (Osman et al., 2006) , our QTL mapping studies with the F 2 population revealed many loci for growth, egg, and meat traits (Tsudzuki et al., 2007; Goto et al., 2011 Goto et al., , 2014 Yoshida et al., 2013) . Therefore, the present study will be able to map many unique QTLs from a gene pool of the Oh-Shamo.
In the present study, we aim to detect main-effect and epistatic QTLs affecting internal egg quality in three different stages of egg production in order to understand the age-related changes of QTLs for internal egg traits.
Materials and Methods

Animals
An F 2 resource population was prepared from the crosses between an Oh-Shamo male and three White Leghorn females. Four F 1 males were intercrossed with 19 F 1 females to produce 371 F 2 females (Goto et al., 2011) . All birds were kept as described by Tsudzuki et al. (2007) . In addition, we used 35 Oh-Shamo, 20 White Leghorn, and 58 F 1 hens for phenotypic comparisons. We treated all the birds according to the rules described in Standards Related to the Care and Management of Experimental Animals (Prime Ministers's Office, Japan, 1980) and Guide for the Use of Experimental Animals in Universities (The Ministry of Education, Science, Sports, and Culture, Japan, 1987) .
Phenotypic Measurements
Internal egg traits were measured in three different stages of egg production, which are the first egg stage and two later stages of 300 and 400 days of hen age. These stages were symbolized as E (early), M (middle), and L (late), respectively (Goto et al., 2014) . Phenotypic data for the E stage were collected from 10 eggs counting from the first egg laid. Data for the M and L stages were collected from the eggs produced within 2 weeks from 300 and 400 days of hen age, respectively. Internal egg traits were defined as albumen weight (AW), albumen height (AH), length of the long and short axes of the thick albumen (LTA and STA), yolk weight (YW), yolk height (YH), length of the long and short axes of the yolk (YL and YS), and lightness, redness, and yellowness of the yolk color (YCL, YCR, and YCY). AH and YH were measured using an egg quality meter (Fujihira Industry Co. Ltd., Tokyo, Japan). For LTA, STA, YL, and YS, a ABS digital caliper (Nakamura Mfg. Co. Ltd., Tokyo, Japan) was used. YCL, YCR, and YCY were measured using Chroma Meters CR-300 (Konica Minolta Holdings Inc., Tokyo, Japan).
Genotyping and Linkage Map
Genomic DNA was extracted from whole blood of all individuals in the F 2 population. A total of 143 microsatellite DNA markers on 26 autosomes and the Z chromosome used in this study were the same as those in Goto et al. (2014) . We selected fully informative markers which did not have any common alleles between two parental breeds. A linkage map for our F 2 population was constructed using the Kosambi map function of the Map Manager QTX b20 software (Manly et al., 2001 ) by referring to the gene orders in ArkDB of the Roslin Bioinformatics Group (http://www. thearkdb.org/). The total linkage map length was estimated to cover approximately 67% of the chicken genome (Schmid et al., 2005) .
Statistical Analysis
For phenotypic comparisons among the Oh-Shamo, White Leghorn, F 1 , and F 2 , one-way analysis of variance (ANOVA) followed by Tukey's HSD test was carried out with the JMP software version 5.0.1a (SAS Institute Inc., Cary, NC, USA). Pearson's correlation coefficients among all phenotypes in the F 2 hens were calculated using the JMP.
Prior to QTL analysis, average phenotypic values were corrected for two environmental factors (date of hatch and F 1 dams) when these factors were significantly different at P＜ 0.05 using the least squares method of the JMP. Normality of phenotypic distributions was tested with the ShapiroWilk's test. Phenotypes displaying non-normal distribution were approximated to normal distribution using the BoxCox transformation. Additionally, data for the E stage were corrected for the effect of age at the first egg in order to remove the effect of hen ages, because the age at the first egg of F 2 hens varied from 156 to 292 days (Goto et al., 2011) .
QTL Analysis
Simple interval mappings (Haley and Knott, 1992) were accomplished for each trait with the function scanone of the R/qtl (Broman et al., 2003) to detect main-effect QTLs. Genome-wide significant (5%) and suggestive (10%) thresholds were determined by 1,000 permutation tests. For the Z chromosome, the significant thresholds that control the genome-wide false positive rate were estimated using the formula of Broman et al. (2006) .
In order to declare QTLs with epistatic interaction effects, the function scantwo of the R/qtl was implemented with the following genetic models hypothesized according to Broman and Sen (2009) Model 4: y＝μ＋e (null model) where, y is the trait, μ is the mean, Q1 and Q2 are one pair of loci, and e is the random error. LOD score for the full model (LOD full ) was the difference between Models 1 and 4. LOD fv1 was the difference between Models 1 and 3. LOD for the interaction effect (LOD int ) was the difference between Models 1 and 2. Genome-wide significant (5%) and suggestive (10%) thresholds for LOD full , LOD fv1 , and LOD int were determined by 1,000 permutations. Detailed methods were described in Broman and Sen (2009) .
The percentage of the phenotypic variance explained by each QTL was computed by the functions scanone or scantwo of the R/qtl (Broman and Sen, 2009) . Multiple QTL mapping of each trait was performed with the R/qtl by fitting a model in which all main-and epistatic-effect QTLs detected by the above scanone and scantwo functions were included, to obtain a total phenotypic contribution of these QTLs. 
Results
Phenotypic Analysis
QTL Analysis
Main-effect QTLs: QTLs with main effects on internal egg traits were identified on chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 15, 27 , and Z as shown in Table 5 .
For albumen weight (E-AW, M-AW, and L-AW), significant and suggestive QTLs were detected between MCW0095 (26 cM in the reference map; Schmid et al., 2005) and ADL0345 (56 cM) on chromosome 8. Significant QTLs for E-AW and L-AW were identified around MCW0240 (201 cM) on chromosome 4. These QTLs explained 5.57-10.14% of the phenotypic variances.
For albumen height (E-AH, M-AH, and L-AH), significant and suggestive QTLs were detected between LEI0146 (169 cM) and MCW0112 (205 cM) on chromosome 1. In addition to this, simple interval mapping suggested the existence of another QTL for E-AH on chromosome 1. Thus, we tested whether the second QTL for E-AH is present or not, using a two-QTL model of the R/qtl software, where two LOD scores (LOD add and LOD av1 ) were calculated. LOD add and LOD av1 are the differences of Models 2 vs 4, and Models 2 vs 3, respectively, as shown in Materials and Methods, and genome-wide 5% significant thresholds for E-AH were estimated to be 6.13 and 2.90 for LOD add and LOD av1 by 1,000 permutations, respectively. As a result, two significant QTLs were detected around the MCW0112 (205 cM) marker and between MCW0102 (441 cM) and ADL0245 (459 cM) markers on chromosome 1, with LOD add and LOD av1 scores of 7.94 and 3.11, respectively, indicating the existence of the second QTL in the region between MCW0102 (441 cM) and ADL0245 (459 cM) markers on chromosome 1. In addition to the chromosome 1 QTLs mentioned above, significant and suggestive QTLs for E-AH and M-AH were found between MCW0135 (61 cM) and ABR0526 (79 cM) on chromosome 9. Furthermore, a suggestive QTL for M-AH was identified between LEI0070 (379 cM) and ADL0146 (403 cM) on chromosome 2. Moreover, a significant QTL influencing E-AH was detected between MCW0223 (123 cM) and ADL0233 (151 cM) on chromosome 5, whereas a suggestive Goto et al.: QTL QTL for E-AH was discovered between LEI0092 (59 cM) and LEI0196 (110 cM) on chromosome 6. Additionally, a significant QTL influencing E-AH was identified between MCW0258 (26 cM) and ADL0273 (73 cM) on the Z chromosome. These QTLs accounted for 3.56-7.57% of the phenotypic variances. For albumen size (E-LTA, M-LTA, E-STA, and M-STA), significant QTLs were detected around MCW0095 (26 cM) on chromosome 8. Between MCW0233 (19 cM) and MCW0328 (47 cM) on chromosome 27, a significant QTL influencing E-STA was also found. These QTLs contributed to 4.92-9.45% of the phenotypic variances.
For yolk weight (E-YW, M-YW, and L-YW), significant QTLs were detected around MCW0095 (26 cM) on chromosome 8. Around ABR0119 (135 cM) on the Z chromosome, significant QTLs influencing E-YW and M-YW were identified. These QTLs explained 3.77-18.46% of the phenotypic variances.
For yolk height (E-YH, M-YH, and L-YH), significant QTLs were detected around MCW0095 (26 cM) on chromosome 8. Between ADL0273 (73 cM) and ADL0201 (87 cM) on the Z chromosome, significant QTLs for E-YH and L-YH were identified. A suggestive QTL influencing E-YH was found between MCW0240 (201 cM) and ABR0622 (234 cM) on chromosome 4, whereas a significant QTL influencing E-YH was discovered between MCW0120 (44 cM) and ABR0397 (20 cM in our map) on chromosome 7. Moreover, a significant QTL for E-YH was detected around MCW0211 (49 cM) on chromosome 15. These QTLs accounted for 4.15-11.50% of the phenotypic variances.
For yolk size (E-YL, M-YL, L-YL, E-YS, M-YS, and L-YS), significant QTLs were detected around MCW0095 (26 cM) on chromosome 8. These QTLs explained 10.19-16.93 % of the phenotypic variances.
For yolk color (L-YCL, E-YCY, and M-YCY), significant and suggestive QTLs were detected around MCW0240 (201 cM) and ABR0622 (234 cM) on chromosome 4. Between MCW0083 (51 cM) and ADL0229 (111 cM) on chromosome 3, significant QTLs for E-YCL and M-YCL were discovered. Significant QTLs affecting E-YCL and E-YCY were identified around MCW0095 (26 cM) on chromosome 8. A suggestive QTL for M-YCY was found between GCT0032 (518 cM) and MCW0107 (565 cM) on chromosome 1, whereas a suggestive QTL affecting L-YCL was detected between ABR0526 (79 cM) and ADL0259 (122 cM) on chromosome 9. In addition, a suggestive QTL for M-YCL was discovered around MCW0328 (47 cM) on chromosome 27. These QTLs contributed to 4.57-7.59% of the phenotypic variances.
At the QTLs for AW, STA, and YH on chromosomes 4, 7, and 27, alleles derived from the Oh-Shamo increased trait values. As for YCL, however, Oh-Shamo alleles at the chromosomes 4 and 27 QTLs decreased trait values, although an Oh-Shamo allele at the chromosome 9 QTL increased a trait value. At the other QTLs, White Leghorn alleles increased trait values.
Epistatic QTLs: Three pairs of QTLs were identified to have epistatic interaction effects on internal egg traits (Table  6 ). On chromosomes 2 and 10, one pair of QTLs was detected for L-AH. One pair of epistatic QTLs for L-YS was found on chromosomes 8 and 17, while one pair of epistatic QTLs for L-YCR was discovered on chromosomes 1 and 2. These epistatic QTLs contributed to 11.53-11.77% of the phenotypic variances and comparable to those of the QTLs with large main-effects mentioned above.
As shown in Fig. 1 , the F 2 hens with out-of-phase double homozygotes (WW-SS) at MCW0027 on chromosome 2 and ADL0106 on chromosome 10 showed significantly higher L-AH values in comparison with the values of the other hens. In contrast, L-YS values of the F 2 hens significantly decreased under the condition of out-of-phase double homozygotes (SS-WW) at MCW0095 on chromosome 8 and ABR0387 on chromosome 17. Moreover, the F 2 hens with out-of-phase double homozygotes (WW-SS) at MCW0112 on chromosome 1 and LEI0237 on chromosome 2 exhibited the highest L-YCR values.
Summary of all QTLs Detected: As summarized in Table  7 , we found 19 independent QTL regions. They were three QTLs on chromosome 1 (around MCW0112, between MCW0102 and ADL0245, and between GCT0032 and MCW0107), three QTLs on chromosome 2 (around MCW0027, around LEI0237, and between LEI0070 and ADL0146), a QTL on chromosome 3 (between MCW0083 and ADL0229), a QTL on chromosome 4 (around MCW0240 and ABR0622), a QTL on chromosome 5 (between MCW0223 and ADL0233), a QTL on chromosome 6 Goto et al.: QTL (between LEI0092 and LEI0196), a QTL on chromosome 7 (between MCW0120 and ABR0397), a QTL on chromosome 8 (around MCW0095), a QTL on chromosome 9 (around ABR0526), a QTL on chromosome 10 (around ADL0106), a QTL on chromosome 15 (around MCW0211), a QTL on chromosome 17 (around ABR0387), a QTL on chromosome 27 (around MCW0328), and two QTLs on the Z chromosome (around ADL0273 and ABR0119). Age-related Changes of QTLs: As mentioned above, the present study revealed 19 QTL regions for internal egg traits in three egg production stages. In spite of moderate to high phenotypic correlations in each trait among stages, the responsible QTL was not always detected through all stages. As shown in Table 7 , among 19 QTLs detected, QTL1 on chromosome 1 for AH and QTL12 on chromosome 8 for AW, YW, YH, YL, and YS were identified through all three stages. Even in the same QTLs, QTL1 for YCR was discovered in the L stage only, and QTL12 for LTA and STA was found in the E and M stages. Furthermore, QTL12 for YCL and YCY appeared in the E stage only. QTL7 for YCL, QTL8 for YCY, QTL13 for AH, and QTL19 for YW expressed in the E and M stages. QTL2 for AH, QTL8 for YH, QTL9 for AH, QTL10 for AH, QTL11 for YH, QTL15 for YH, QTL17 for STA, and QTL18 for AH were detected in the E stage only. QTL3 for YCY, QTL6 for AH, and QTL17 for YCL were found in the M stage only. QTL8 for AW and QTL18 for YH were discovered in the E and L stages. Moreover, QTL4 for AH, QTL5 for YCR, QTL8 for YCL, QTL13 for YCL, QTL14 for AH, and QTL16 for YS appeared in the L stage only. These results apparently demonstrated that internal egg traits QTLs have age-related effects.
Contributions of QTLs to the Phenotypic Variance: In the present study, QTLs affecting 28 internal egg traits were discovered, and the number of QTLs detected for each trait varied from one to six (Table 8 ). The total contributions of the detected QTLs to phenotypic variances were 6.4-31.7%, depending on the traits. The highest values of phenotypic variances were observed in L-YS.
Discussion
In the present study, 19 QTLs were mapped for internal egg traits on chromosomes 1-10, 15, 17, 27, and Z. Around the position of QTL1 on chromosome 1 (see Table 7 ), a QTL affecting Haugh unit, which is calculated based on egg weight and albumen height, has been reported by TuiskulaHaavisto et al. (2004) . Around the region of QTL4 on chromosome 2 and QTL18 on the Z chromosome, QTLs affecting albumen height and Haugh unit were identified by previous reports (Hansen et al., 2005; Abasht et al., 2009; Honkatukia et al., 2013) . Also, Wardecka et al. (2003) and Schreiweis et al. (2006) found QTLs for albumen weight in the similar region to QTL8 on chromosome 4. Like the foregoing, only four QTLs in the present study were coincident with known QTLs according to the map positions, although previous studies reported main-effect QTLs for internal egg traits on chromosomes 1-9, 11, 13-15, 18-20, Journal of Poultry Science, 51 (4) . The effects were calculated by two-way ANOVA using the nearest markers of the QTLs. S and W denote alleles derived from the OhShamo and White Leghorn, respectively. 22-26, 28, and Z (Tuiskula-Haavisto et al., 2002, 2004; Wardecka et al., 2003; Hansen et al., 2005; Honkatukia et al., 2005; Schreiweis et al., 2006; Abasht et al., 2009; Liu et al., 2011) . Consequently, we newly identified 15 QTLs for internal egg traits in the present study.
The discovery of a large number of novel QTLs can be attributed to the difference of genetic background between the parental breeds of our resource population (Osman et al., 2006) . We used the Oh-Shamo, a Japanese indigenous breed, and White Leghorn as parental breeds. The OhShamo breed has been mainly kept for the purpose of cockfighting so far. On the other hand, the White Leghorn, which originated from Italy, has a long history of being selected as a layer. Judging from the selection history, it is natural that the alleles derived from the White Leghorn increased the trait values at many QTLs (e.g., QTLs affecting AH, LTA, YW, YL, and YS). On the other hand, at some of QTLs (e.g., QTLs affecting AW on chromosome 4 and STA on chromosome 27), the Oh-Shamo alleles also increased trait values. These results suggest that indigenous chicken breeds have a large potential to reveal novel QTLs and to possess useful alleles at the QTLs.
Main-effect QTLs affecting internal egg traits were detected on chromosomes 1 and 8 throughout all stages of egg production. Thus, it is assumed that there is at least one important locus on these chromosomes, regardless of Goto et al.: QTL production stages (hen ages). However, the other loci have definitive effects on internal egg traits in one or two stages only. Abasht et al. (2009) and Tuiskula-Haavisto et al. (2010) reported QTLs influencing egg traits in different stages and on different chromosomal regions, and they discussed partial genetic independence of most traits at different ages. The present study also revealed that the same trait in the different stages is regulated by multiple loci with age-related effects and those have different effect sizes contributing to the trait. For example, M-AH was affected by three main-effect QTLs, although E-AH was influenced by five main-effect QTLs. In addition, one of the three M-AH QTLs did not affect E-AH. Furthermore, L-AH was controlled by three QTLs as in the case of M-AH, however two of the QTLs were epistatic QTLs, differing from the main-effect QTLs for M-AH. The remaining QTL is a maineffect QTL common to both E-AH and M-AH. This phenomenon may reveal a more complicated genetic basis of internal egg traits. Therefore, the present study suggested that a mapping study should be performed with the traits measured at several time points to understand temporal changes of QTL expression.
In the present study, six epistatic QTLs were discovered for internal egg traits. To the best of our knowledge, these are the first examples for this kind of trait. Among the six epistatic QTLs, two pairs of QTLs affecting L-AH and L-YCR had interaction effects only. We have revealed this type of epistatic QTLs for egg production in our previous study (Goto et al., 2011) . In another pair of epistatic QTLs for L-YS, one counterpart on chromosome 8 also had a maineffect on L-YS besides the epistasis, although the other had an epistatic effect only.
The region on chromosome 8, in addition to L-YS, was associated with many internal egg traits (AW, LTA, STA, YW, YL, YCL, and YCY). Moreover, the contribution of this region (chromosome 8 QTL) to phenotypic variance was generally large (5.57-16.93%). In addition to the internal egg traits, we have also found QTLs for external egg traits (egg weight and eggshell thickness) in the chromosome 8 region (Goto et al., 2014) . Furthermore, some researchers have also discovered QTLs affecting egg number, egg shape, and eggshell color in the similar region (Tuiskula-Haavisto et al., 2002; Hansen et al., 2005; Yao et al., 2010) . Therefore, the QTL region on chromosome 8 seems to be a key region with a genetic network for egg-related traits, as seen in the networks for growth and metabolic traits of chickens (Carlborg et al., 2006; Wahlberg et al., 2009; Ek et al., 2010) . In the future, genetic analyses for the QTL network including both main-effect and epistatic QTLs will be a major concern in order to understand the complex genetic architecture (Huang et al., 2012) .
With chromosome 8 QTL region found to be associated with many traits, it is possible that this region would contain one locus with pleiotropic effects or closely linked multiple loci. In any case, there will be certain gene(s) that play(s) an important role in regulating the variations of weight and size of the whole egg, along with weight, size, and color of individual components of the egg (i.e., eggshell, albumen, and yolk) in genetic networks. According to the UCSC Genome Browser (http://genome.ucsc.edu/), a large number of genes are located at the 1.5-LOD drop support intervals of the QTL on chromosome 8. Therefore, further fine mapping using several approaches such as QTL mapping with more individuals and markers, genome sequencing, and/or bioinformatic analysis (Honkatukia et al., 2013; Ahsan et al., 2013) should be conducted on chromosome 8 to specify candidate genes for our QTL(s).
In conclusion, the present study identified 19 main and epistatic QTLs affecting internal egg traits, by using a unique Japanese indigenous chicken breed, Oh-Shamo. This study will be the first step toward revealing genetic networks controlling internal egg traits, and to understand the complex genetic basis for quantitative traits.
